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HEAVY-ION BEAM DYNAMICSIN THE RIA POST-ACCELERATOR’

P.N. Ostroumo¥; A.A. Kolomiets, V.N. Aseev, ANL, Argonne, IL 60439, U.S.A.

Abstract combination of APF and reduced number of SC
The RIA post-accelerator (RIB) includes three maigolenoids, so called Combined Focusing Structure (CFS)

sections: a room temperature injector with design iol$l, can be applied in the SC linac-1. The APF and CFS

charge-to-mass ratio 1/240 and output energy of ~@&n significantly reduce the cost of the RIB linac. The

keV/u, a superconducting (SC) linac for ions with chargeCFS option maintains beam quality along the linac but

to-mass ratio 1/66 or higher up to an energy of ~1 MeVAfill requires reduced number of ~14 Tesla SC solenoids

and a higher energy SC linac including existing ATLASompared to the baseline design.

to produce 10 MeV/u beams up to uranium. Two strippers The objectives of this paper are to further modify the

are installed between the sections. Extensive accelerafyB accelerator design to minimize its cost while

design studies and end-to-end beam dynamics simulatigividing high-quality and high-intensity radioactive

have been performed to minimize the cost of the lindeeams.

while  providing high-quality and high-intensity

radioactive beams. Specifically, we have found that cost- LINAC LAYOUT

effective acceleration in the front end can be provided b .

several hybrid RFQs proposed and developed f(ﬁormaI conducting front end

acceleration of low-velocity heavy ions. For beam Simplified block-diagram of the RIB linac layout with

focusing in the second section it is appropriate to uske modified front end is shown in Fig. 1. As compared t

electrostatic lenses and SC quadrupoles inside commitve reference design we propose to reduce radioactive ion

cryostats with the resonators. source voltage to 60 kV, HV platform voltage to less than
36 kV and inject ions into the RFQ with initial energfy
INTRODUCTION 0.4 keV/u. The latter is entirely possible due to the low
The RIA post-accelerator is a complex system that

includes many different accelerating structures ar,

focusing elements operating both at room and cryoge I

temperatures. It is designed for acceleration of a wi : u

variety of radioactive ions starting from the lowes u_'{ RFQ 1 J‘ e O }')

possible charge-to-mass ratio. The reference desigaf[1]
the injector section of the post-accelerator includes a 3
kV open-air variable-voltage platform which carries z[ FrontE»eH SC linac-1 9 . ATLAS |
multi-harmonic buncher, the first two sections of 12 MH. - =
RFQ, and two helium gas stripper cells. The pre-ATLA!
superconducting section of the RIB linac includes 4 typeéFigure 1. Simplified layout of the RIB Linac. 1 gas
of cavities designed for different geometrical beta anstrippers, 2 — carbon stripper, HV-high voltage platfo
operating at 4, 6" and &' harmonics of the 12.125 MHz
fundamental frequency. In the SC linac-1 (see Fig. Dperating frequency of the RFQ which results in an
cavities will be installed in 6 cryomodules each with thaccelerating cell length of ~11.5 mm in the RFQ entrance.
length of ~6 m. Each cavity can provide ~1 MV of lons with charge-to-mass ratio in the range
accelerating voltage in the velocity rangel/240<g/A<1/66 will be accelerated by a conventional
0.011&v<0.06¢. In the reference design focusing alonfFQ-1 and hybrid RFQ-1 (HRFQ-1) [4] operating at
SC linac is provided by 15 Tesla SC solenoids follgwin12.125 MHz (see Fig. 1). The hybrid RFQ structure is
every cavity [1]. slightly modified compared to the originally developed
The reference design satisfies all specifications of tHdRFQ [4]. In the new design, the FODO focusing lattice
RIB linac but requires a large number of expensive higtomprising rf quadrupoles with the lengBA/2 located
field SC solenoids. Therefore we have investigatebetween every four accelerating gaps forms the hybrid
alternative designs. A design based on Alternating PhaR&Q structure.
Focusing (APF) has been discussed in ref. [2]. In a SCThe main parameters of the RFQ-1 and HRFQ-1 are
linac, APF can be effectively applied for focusing of lowlisted in Table 1. The platform potentiallJis adjustable
velocity (v<0.02c) ions. A focusing structure based onvithin the range -33k¥U,y<36 kV to equalize RFQ
injection velocity for all ion species. The proposed RFQ
structure can provide acceleration of ions with g/A higher
* This work was supported by by the U.S. DepartredrEnergy than 1/66. However, this regime requires very low power
under Contracts No. W-31-109-ENG-38. in the resonators and may cause problems in maintaining
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a stable accelerating voltage. A bypass beam line ¢ede have been obtained from the external codes EMS
proposed as shown in Figure 1. The latter can ked MWS [9]. Z10° charged particles have been tracked
considered as an upgrade option. In the bypass beam-litttpugh the whole linac including all matching transport
the injection energy can be higher due to higher g/A andlines and strippers.

Table 1: RFQ parameters The longitudinal emittance of heavy ion beam is
formed by two-stage bunching. The first stage is a
Parameter RFQ-1 HRFQ-1 buncher operating at 12.125 MHz and located upstream of
lon energy in/out, keV/u 0.417.4 7.4/24.4 the RFQ-1. This buncher forms a ~1a@® bunch
Average radius, mm 6.5 12 containing ~90% of particles at the RFQ-1 entrance (see
Inter-vane voltage, kV 68 130 Fig. 2A). Additional bunching as a 9®unch rotation
Peak surface field, kV/cm 135 135 takes place in the first 30 cells of the RFQ and more than
Transverse acceptande, 0.3 0.6 90% of particles are transformed into £hase width as
rifmrad seen in Fig. 2B. Dashed line in Fig. 2B represents the
Phase advanag;, deg 25 55 separatrix at the beginning of the acceleration section in

the RFQ-1. Two-stage bunching provides 90% capture
igfficiency and forms very low longitudinal emittance. The

equals to 1.6 keV/u. Acceleration up to 24.4 keV/u hase space plot at the RFQ-1 exit is shown in Fig. 3A.

provided by a conventional RFQ operating at 24.25 MH . . h

Due to the fact that RFQ focusing is scaled as/d he. rms emittance is £tmg=0.057 Tilev/u-nsec. _The .
. emittance containing 95% of accelerated particles is

where is the rf wavelength, the RFQs on both beam- —0.0821(ReV/ o

lines can be designed with the same average distarfé&” = Viu-nsec.

between opposite electrodes and inter-electrode voltage.

lon beams from both lines are transported to the HRFQ-2 §

operating at 24.25 MHz and are accelerated up to 92.7

keV/u.

A B

—

Superconducting linac

In the modified design of the RIB linac the focusing in 3
the SC section is provided by quadrupole lenses with th&€
effective length 26 cm and focusing gradients less than 80
T/m. The focusing lattice has been designed to provide
constant beam size along the SC linac. SC quadrupoles 100 0 100 100 0 100
with parameters close to the RIA post-accelerator Phase (deg) Phase (deg)

specifications have bee.n d.evelop_ed and reported. recerﬁ%ure 2: Phase space plots in the longitudinal plane
[5,6]. Low beam velocity in the first cryostat famhtatesduring two stage bunching. —at the RFQ entrance, —
the use of electrostatic focusing quadrupoles with inteL; the exit of RFQ internal buncher. '

electrode voltage <30 kV.

W (%)

Both Hybrid RFQs have been designed to preserve low
BEAM DYNAMICS longitudinal and transverse emittances. The emittance
Bean dynamics in the RIB linac was simulated fo rowth in these sections does not exceed 15%. The

A L ; ongitudinal phase space plots along the front end
uranium ions with initial charge-to-mass ratio o/A=1/240q,\ctures are presented in Fig. 3.

The latter is changed to g/A=4/240 after the gas StripperSuperconducting cavities offer much  higher

and to q/A=37/240 after the carbon stripper. The initiak.cejerating gradients than NC structures. If one likes to
normalized transverse emittance containing 95%

k ' ) se full level of available gradients, there are two main
particlese,=0.05immihrad is defined by the acceptance.gnsequences, especially in the first cryostat where
of the high-resolution isobar separator located upstream ticle velocity is low:

of the accelerating structures. Generally, beams with Strong dependence of the accelerating field on
initial emittance ~0.2dhmimrad can be accelerated with radial coordinate;

100% transmission in the prop_osed I_inac. . e Large phase slippage of the bunch center with
Prior to the beam dynamics simulations a careful — egpect to the rf field due to the fixed geometry of
matching of beam Twiss parameters in various sections of . 's¢ cavities.

the linac has been provided. For this purpose the COUfSege effects can result in both transverse and
TRACESD [7] and TRACK [8] have been applied. Anjqngitdinal emittance growth [10]. As was discussed in
optimization routine was developed for the TRACK codgqt *[10), the emittance growth can be completely avoided
and it was used for the final matching in realistic SI% using strong transverse focusing with° 9phase
fields ?n al! accgleratqr elements... End to _end bea vance over the focusing period which includes a
dynamics simulations in the modified RIB linac h"’“’eresonator and strong SC focusing triplet. It was folnad t

been also performed with the same code. Threg-_ . : ]
dimensional fields of all linac elements for the TRACKﬂ’]e triplets can be replaced by more economic 15-Tesla



solenoids [1]. The effect of emittance growth can be
significantly suppressed by increasing transition energy .
from the NC to SC sections of the RIB linac. A cost- h
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Figure 4: Phase space plots in the longitudinal plane
before (A) and after the cryostat #1 (B).
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Figure 3: Phase space plots in the longitudinal plane alongio 0-151 y_\

the front end structures: RFQ output (A), HRFQ-1 otitpu 50,10:

(B), HRFQ-2 entrance (C) and HRFQ-2 output (D). > —e——

*0.05
effective strong focusing in the first cryostat can be 4lrms
obtained by using electrostatic FODO focusing structure. - -
- . : 0.0 0.5 1.0
The simulations have shown that the rms emittance Energy (MeV/u)

growth in both longitudinal and transverse planes does
not exceed 4% in the first cryostat with the proposeBigure 5: Evolution of transverse (A) and longitudiriy (
modifications (Fig. 4). The FODO focusing provided byemittances upstream of the carbon stripper.
SC quadrupole singlet is used in all other cryostats.
Figure 5 shows evolution of transverse and longitudinal CONCLUSION
emittances along the SC linac prior to the carbon stripper.

The short inter-cryostat space allows us to achieve goodT(;‘.?. éjesign qg ﬂ;ﬁ hRIA Ipos:)—accelerator d has d been
matching of transverse motion by adjusting gradients gfedified to provide high quality beams at reduced cost.

outermost quadrupoles therefore the transverse emittands® injection energy into the RFQ has been reduced to

growth is negligible. However the inter-cryostat spac Qwer _the po.tential OOf the HV .pllatform. Two-stage
are the main source of mismatching in the longitudindtNching provides 90% capture efficiency of the dc beam

plane that results in relatively small but continuou nd formation of extremely lQW Iongitud@nal emittance at
longitudinal emittance growth up to ~36% which can b€ RFQ output. A new version of hybrid RFQ structure

avoided if the cavities are operated at larger phase an ?S_ been developed to increase t_otal acceleration
for example, -30 efficiency of the front end preserving low beam

emittances. In addition, the new HRFQ provides higher
injection energy into the SC linac. The focusing lattice in

the SC section of the RIB linac has been optimized to
incorporate cost-effective electrostatic and SC quadrupole
magnets. An extensive overall beam dynamics

optimization and development of effective accelerating

structures has been carried out to produce high-quality
radioactive beams in a cost-effective manner.
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